I. INTRODUCTION
Distributed Bragg reflector (DBR) is one of the most important photonic components that are used in a wide range of applications such as vertical cavity surface emitting lasers, [1] [2] [3] [4] [5] resonant cavity light-emitting diodes and photodetectors, 6 -9 solar cells, etc. 10, 11 Si and SiO 2 are attractive material choices for DBR in infrared optoelectronics due to the high index contrast 10 and the capability of monolithic integration with Si CMOS chips for silicon photonics. Typically, Si/SiO 2 DBR was fabricated either by chemical vapor deposition, pulse laser deposition, 12 or atomic layer deposition. 13 However, these deposition methods can only provide either amorphous or polycrystalline layers, and limit the performance improvement due to light scattering at interfaces or grain boundaries. On the other hand, singlecrystalline Si offers well-ordered and smooth film quality that minimizes light scattering, and thus is one of the ideal DBR materials for near-infrared applications. In this work, we report a hybrid DBR structure, where the multilayer deposited amorphous Si (a-Si)/SiO 2 DBR was completed for the majority of the layers, followed by only one layer of transfer printed single crystalline Si NM. For most DBR applications, because the few layers next to the optical cavity are most critical as the field concentration is higher in these layers, replacing one or top few layers of DBR structure with low loss, high quality single crystalline layer will result in improved optical properties. Si NM is expected to significantly reduce the overall scattering and absorption losses associated with the complete DBR structures. Here, we demonstrate a-Si/SiO 2 DBR with the top Si NM (namely, the DBR consists of 3.5 pairs of a-Si/SiO 2 and one Si NM layer transferred on top of it) via the transfer printing method. The measured reflectivity is higher than 98%. To verify the improvement in reflectivity in DBR by employing a single crystalline Si NM layer, four different samples prepared with and without top crystalline Si NM were fabricated and characterized. Surface roughness, crystal quality, and the strain in the transferred single-crystal Si NM layer were analyzed by an atomic force microscopy (AFM), an x-ray diffraction (XRD), and a Raman spectroscopy, respectively, to correlate the reflectivity with the surface condition of the last layer and its viability as an epitaxial growth template and high quality photonic layer.
II. EXPERIMENT
The fabrication process began with deposition of electron beam evaporated of SiO 2 layer on a (100) Si substrate followed by the deposition of a-Si layer by the same method. These deposition steps were repeated until the desired number of pairs of the a-Si/SiO 2 structure was obtained, as shown in Figs. 1(d) and 1(e). The thickness of each layer a-Si/SiO 2 in the 3.5-pairs DBR was 270/105 nm, respectively. Silicon-on-insulator (SOI) wafer with a 340 nm thick top Si layer and a 2000 nm thick buried oxide layer was prepared and thermally oxidized to reduce the thickness of the top Si layer down to 105 nm, followed by the removal of the top oxide layer by concentrated hydrofluoric acid (HF, 49%). The SOI wafer was patterned with a standard photolithography method and etched by a reactive ion etcher to define square shaped Si NMs [ Fig. 1(a) ]. After patterning the Si NM, the sample was immersed in HF solution to release Si NMs from the SOI substrate [ Fig. 1(b) ]. The released single crystal Si NM was picked up by the polydimethylsiloxane (PDMS) stamp and transferred onto the 3.5-pairs a-Si/ SiO 2 structures, as shown in Fig. 1(c) . More detail fabrication process descriptions for NM releasing/transferring can be found elsewhere. 16, 17 After finishing the transfer, the DBR was annealed at 250 C for 5 min in a rapid thermal annealing system to enhance bonding at the transferred interface. The completed DBR with a top single crystal Si NM layer is shown in Fig. 1(d). Figures 1(e) and 1(f) show a cross sectional scanning electron microscope (SEM) image and an optical of the finished 300 Â 300 lm 2 DBR. It is noted that the cross sectional SEM image shown in Fig. 1(e) clearly shows the smoothness of the transferred Si NM layer.
III. RESULTS AND DISCUSSION
In order to investigate the optical properties with and without the transferred top Si NM layer, four test structures were prepared: (1) four-pairs a-Si/SiO 2 DBR, (2) Si NMterminated four-pairs a-Si/SiO 2 DBR, (3) five-pairs a-Si/ SiO 2 DBR, and (4) Si NM-terminated five-pairs a-Si/SiO 2 . Prior to the optical characterizations, the surface roughness after each deposition/transfer was characterized using an AFM. The surface roughness after the 3.5-pairs a-Si and SiO 2 deposition were 3.67-4.26 nm, respectively, as shown in Fig. 2(a) . Such values are nearly ten times larger than the values obtained from the typical polished Si wafer. The same surface characterization was carried out after transferring Si NM on top of the 3.5-pairs a-Si/ SiO 2 structure. It is found that the top surface roughness was 0.265 nm after the Si NM transfer, which is similar to the roughness of polished Si wafer. This suggests that the realization of the higher reflection compact DBRs by incorporating Si NM can be globally applied to realize thinner DBRs by using less pairs, although the number of pairs in DBRs requires more evaporated layers in the conventional method. Raman spectroscopy studies were employed to investigate the strain on the Si NM layer after the transfer printing and thermal annealing processes on the Si NM-terminated DBR sample. Raman spectra were taken using a Horiba LabRAM ARAMIS Raman confocal microscope with an 18.5 mW blue laser (438 nm), using its low penetration depth to eliminate the effect by a phonon vibration from the Si substrate.
As shown in Fig. 2(b) , the Si peak from the Si NM is located at 520 cm
À1
, which corresponds to the Raman characteristic peak of bulk Si. This implies that no noticeable strain was created during the transfer process or on the Si NM layer and suggests that the top Si NM layer can be an epitaxial template layer for other Si epitaxial growth without producing any strain. 18 The improved surface roughness was confirmed by the AFM images. To verify the optical performance of various multilayered DBR structures with and without top Si NM layer, reflectivity of each structure was measured, as shown in Fig. 3 . The maximum reflectivities of 94.3%, 98%, 97.2%, and 98.5% were measured from fourpairs a-Si/SiO 2 DBR, Si NM-terminated four-pairs a-Si/SiO 2 DBR, five-pairs a-Si/SiO 2 DBR, and Si NM-terminated five-pairs a-Si/SiO 2 DBR, respectively. Interestingly, a much wider bandwidth (nearly 100-200 nm wider) was observed from the DBR with the top Si NM layer, which is attributed to the stronger field concentrated at the top Si NM layer than the a-Si layer. A reflectivity simulation with MIT electromagnetic equation propagation using a finite-difference time domain was performed to further verify the measured reflectivity. 19 The measured material parameters of a-Si (n ¼ 2.3) and single crystal Si (n ¼ 3.5) and surface roughness values were incorporated in the simulations and the simulated results agree well with the measured results. While further optimization to improve the reflectivity is possible, it should be noted that the main purpose of the measurement is to verify the transferred/deposited multilayer structures as a result of optical interferences in the structures.
The crystal quality of transferred Si NM was characterized by XRD. Si NM transferred onto a glass substrate was prepared to minimize the background noise. Figure 4(a) shows an omega/2theta scan to measure the thickness, and a layer thickness of 110 nm was extracted from the thickness fringe spacing. Full width at half maximum (FWHM) was measured from a rocking curve scan, as shown in Fig. 4(b) , to demonstrate a high quality single-crystal Si layer. A FWHM value of 0.184 confirmed that the crystallinity of Si NM layer remained unchanged after the transfer-printing and following thermal annealing processes.
IV. CONCLUSION
In summary, a DBR consisting of only one layer of single-crystal Si NM that is transfer printed on top of an evaporated amorphous Si (a-Si)/SiO 2 DBR structure was demonstrated. A high reflectivity of 98.5% and bandwidth of 400 nm (>90%) at the near infrared ($1.3 lm) region were achieved from the five-pairs Si NM-terminated a-Si/SiO 2 DBR, which is due to the low absorption and smooth surface of single-crystal Si NM layer. An improved surface roughness of the top layer by employment of Si NM suggests that the smoother single crystalline surface not only reduces light scattering and loss but can also be an epitaxial template layer for other Si growth without production of strain. The fabrication approach is expected to reduce the process complexity and thus cost of Si/SiO 2 -based DBRs.
